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Abstract  
MF Nb3Sn conductors made by t i tanium added nio-  
bium tube process  have been developed for  use in  high 
f ie lds .   Composi tes ,   cons is t ing   o f  Nb-l.Gwt.%Ti tube  
wi th  a copper  shea thed  t in  core  ins ide  and  a h igh  con- 
duc t iv i ty  copper  tube  outs ide ,  were  s tacked  toge ther  up 
t o  264 f i laments ,  then  drawn t o  t h e  f i n a l  s i z e s  w i t h o u t  
any in te rmedia te   annea l ings .  A s  workab i l i t y  was fu r -  
t h e r  improved by t h e  t i t a n i u m  a d d i t i o n ,  it w a s  p o s s i b l e  
to  dec rease  the  Cu/SC r a t i o  f o r  t h e  c o n d u c t o r  down t o  
0.67  and t o  i n c r e a s e  t h e  t i n  c o n c e n t r a t i o n  up t o  30 
wt.% i n  Cu-Sn i n s i d e  t h e  f i l a m e n t .  An enhanced  layer 
growth rate and a s l i g h t l y  i n c r e a s e d  g r a i n  s i z e  o f  
NbjSn were observed in  the  t i t an ium added  conduc to r s .  
compared wi th  those  made by use  of  pure  Nb tube.  The 
c r i t i c a l  c u r r e n t  d e n s i t y  a t  h i g h  f i e l d s ,  w h i c h  w a s  more 
s e n s i t i v e  f o r  h e a t - t r e a t m e n t  c o n d i t i o n ,  was s u p e r i o r  t o  
tha t  o f  the  o ther  convent iona l  processed  conductors .  
Espec ia l ly ,  the  conductors  wi th  30 % t i n  con ten t  have  
h i g h  c r i t i c a l  c u r r e n t  d e n s i t y  f o r  Nb3Sn layer  and  an  
e x c e l l e n t  f i e l d  d e p e n d e n c e  o f  c r i t i c a l  c u r r e n t  d e n s i t y  
without  copper:  1550 A/mm2 a t  10  T ,  600 A/mm2 a t  15  T 
and 350 A/m2 at 17 T .  The c r i t i c a l  c u r r e n t  w a s  a l s o  
measured in  the  t empera tu re  r ange  1.88 - 4.2 K. A c o i l ,  
aiming a t  14 T ,  was f ab r i ca t ed  us ing  the  conduc to r  w i th  
s i t u a t i o n s .  
.25 % t i n  t o  a s s u r e  h i g h  l e v e l  p e r f o r m a n c e  i n  p r a c t i c a l  
In t roduc t ion  
Nb3Sn mult i f i lamentary conductors  have been devel-  
oped fo r  h igh  f i e ld  app l i ca t ions  such  a s  p l a sma  con- 
finement system in  fus ion  r eac to r ,  hybr id  magne t s ,  NMR, 
laboratory  use  magnets   for   physics   and so  on. Recently, 
improvements i n  h i g h  f i e l d  p e r f o r m a n c e  f o r  t h e  NbgSn 
conductors processed by the bronze method have been 
endeavored  by  the  add i t ion  o f  t he  th i rd  e l emen t ,  fo r  
i n s t a n c e  T i ,  Ta, Ga, Mg o r  Hf ,  t o  t he  n iob ium f i l amen t  
and/or  to  the  bronze  mat r ix .  T i tan ium is known as one 
of  t h e  most s ign i f i can t  e l emen t s  among addi t ions. lY2 
A s  a fu r the r  mod i f i ca t ion ,  t i t an ium add i t ion  to  
the tubular  niobium has been carr ied out  to  enhance 
h igh  f ie ld  per formance  for  the  conductors  processed  by 
t h e  Nb t ube  method. 
T h i s  p a p e r  g i v e s  t h e  r e s u l t s  o b t a i n e d  from conduc- 
t o r s  f a b r i c a t e d  u s i n g  t h e  T i  added Nb tube method, 
p a r t i c u l a r l y ,  c r i t i c a l  c u r r e n t  d e n s i t i e s  and g r a i n  
morphology i n  r e l a t i o n  t o  t h e  h e a t  t r e a t m e n t  c o n d i t i o n  
and t h e  t i n  c o n c e n t r a t i o n  i n s i d e  t h e  t u b u l a r  n i o b i u m .  
Pre l iminary  resu l t s ,  ob ta ined  f rom a c o i l  wound wi th  
the  p re sen t  conduc to r ,  a r e  a l so  desc r ibed .  
Fabr ica t ion  Process  
A s i n g l e  c o r e  was  f ab r i ca t ed  us ing  a Nb-l.Owt.%Ti 
tube with copper sheathed t in inside and copper outside.  
F o r  f a b r i c a t i n g  MF conductors ,  s ing le  core  wires were 
bundled ,  toge ther  7 t o  264 f i l a m e n t s  i n  a copper tube, 
then drawn down t o  f i n a l  s i z e s  w i t h o u t  any in t e rmed ia t e  
hea t  t r ea tmen t s  and  f ina l ly  submi t t ed  to  a r e a c t i o n  
heat- t reatment   to   form Nb3Sn. The p resen t  method can 
v a r y  t i n  c o n c e n t r a t i o n  w i d e l y  i n s i d e  t h e  f i l a m e n t ,  
depending on the  copper   sheath  thickness .  Data on  fab- 
r i c a t e d  c o n d u c t o r s  a r e  l i s t e d  i n  T a b l e  I and a cross-  
sect ional   view  of  A 1  conductor is shown i n  F i g .  1. As 
workab i l i t y  was f u r t h e r  improved by the  t i t an ium add i -  
t i o n ,  Cu/SC r a t i o  w a s  a b l e  t o  d e c r e a s e  down t o  0.67 f o r  
conductors B and D, and t i n  c o n t e n t  c o u l d  b e  i n c r e a s e d  
up t o  30 w t . %  i n  copper sheathed t i n  f o r  c o n d u c t o r s  D 
and F1-3. A 3  conductor was reduced  to  a r ec t angu la r  
c ross -sec t ion  for  ease  in  winding  a c o i l  from a 1 km 
l eng th .  
Table I .  Data on  fabricated conductors 
Conductor W i r e  Number Filament Cu/SC Tin 
Numbev Diameter of Diameier rat io Contents 
( m m )  Filaments (pm)  (wt .%)  
in Cu-Sn 
On t he  o the r  hand ,  t he  conven t iona l  Nb3Sn conduc- 
to r  p rocessed  by the  b ronze  method has  imperfect ions:  
( i )  necessa ry  in t e rmed ia t e  annea l ings  due  to  work hard- 
en ing  o f  t he  b ronze ,  ( i i )  low t i n  c o n c e n t r a t i o n  (13-14 
wt.%)  and ( i i i )  n e c e s s a r y  d i f f u s i o n  b a r r i e r s  t o  p r o t e c t  
t h e  c o p p e r  s t a b i l i z e r .  In o r d e r  t o  e l i m i n a t e  t h o s e  
drawbacks,  the NbjSn conductor  processed by ' the Nb tube  
method  has  been  developed.3,4  The  method  offers 
conductors  of  tubular  niobium f i laments ,  each f i l led 
wi th  a coppe r  shea thed  t i n  in s ide  and embedded i n  a 
matr ix   of   high  conduct ivi ty   copper   outs ide.  In t h e  
present  method, ( i )  i n t e rmed ia t e  annea l ings  a re  un- 
necessary because the composi te  which consis ts  of  pure 
m e t a l s  m i t i g a t e s  t h e  work hardening during the reduc- 
t i o n ,  ( i i )  h i g h  t i n  c o n c e n t r a t i o n  i n s i d e  t h e  n i o b i u m  
f i l amen t  i s  p o s s i b l e  a n d  ( i i i ) , . t h e  n i o b i u m  t u b e  f i l a -  
ments play a r o l e  i n  d i f f u s i o n  b a r r i e r  d u r i n g  Nb3Sn 
A 1  
A2 




E l  
E2 
E 3  
F1 
F2 

























36.2 1.2 25 
-36 1.2 25 
-86 1.2 25 
150 0.67 25 
120 1.0 25 
180 0.67 30 
120 1.98 25 
150 1.98 25 
180 1.98 25 
120 1.98 30 
150 1.98 30 
180 1.98 30 
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Fig.  1 Cross-sectional  view  of a conductor  processed 
by the  modi f ied  Nb tube method (A1 conductor) 
Experimental  Procedure 
The f ab r i ca t ed  conduc to r s  were  hea t - t r ea t ed  in  the  
range of 675- 775aC for 1- 312 h t o  form t h e  Nb3Sn 
l aye r  i n s ide  the  n iob ium tube .  The g r a i n  morphology 
was s tudied  us ing  an  SEM and an  opt ica l  microscope .  
The compos i t ion  p ro f i l e  was analyzed by an EPMA. C r i -  
t i ca l  c u r r e n t s  ( I C )  were measured i n  t h e  t r a n s v e r s e  
magnet ic  f ie ld  f rom 8 t o  20 T a t  1.88 - 4.2 K using 
1 VVfcm c r i t e r i o n .  The hybrid  magnet,   which  consists 
of a water cooled coil .  and a s u p e r c o n d u c t i n g  c o i l  a t  
Tohoku Unive r s i ty ,  was u s e d  f o r  IC measurement above 
15 T. 
Conductor  Character is t ics  
NbgSn Layer 
The e f f e c t s  o f  T i  a d d i t i o n  on the  l aye r  g rowth  
rate were inves t iga t ed .  F igu re  2 shows Nb3Sn l a y e r  
th ickness  versus  hea t - t rea tment  time f o r  A 1  conductor,  
Heat ireatrneni time iksl 
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Fig.  2 Dependence  of t h e  NbgSn l aye r   t h i ckness  
on the  hea t - t rea tment  t ime 
compared wi th  a pure NbgSn conductor  wi th  the  same con- 
f i g u r a t i o n .  I n  t h e  wires wi th  T i  a d d i t i o n ,  t h e  time 
r e q u i r e d  f o r  r e a c h i n g  t h e  s a t u r a t e d  l a y e r  t h i c k n e s s  was 
1 f 3  - 1 f 4  of  the  t i m e  f o r  t h e  p u r e  Nb3Sn. The r e s u l t  
shows t h a t  NbgSn format ion  reac t ion  occurred  more 
a c t i v e l y  by t h e  t i t a n i u m  a d d i t i o n .  
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Fig. 3 A v e r a g e   g r a i n   s i z e   f o r  Nb3Sn p l o t t e d   a g a i n s t  
t he  r eac t ion  t empera tu re  
Figure 3 shows Nb3Sn g r a i n  s i z e  v e r s u s  h e a t - t r e a t -  
ment temperature.  The Nb3Sn g r a i n s  become coa r se   w i th  
increas ing   tempera ture .  The g r a i n  s i z e  f o r  t i t a n i u m  
a d d i t i o n  is s l i g h t l y  l a r g e r  t h a n  t h e  p u r e  Nb3Sn conduc- 
t o r .  
T i tan ium di f fus ion  in  the  composi te  was s t u d i e d  by 
an  X-ray mic roana lyze r  fo r  r eac t ed  A 1  conductor.  The 
r e s u l t s  are shown in  F ig .  4 .  T i t an ium d i f fused  on ly  
i n t o  t h e  NbgSn l a y e r  (1.1 w t . %  T i  i n  Nb3Sn) and was no t  
t r a c e d  i n  t h e  c o p p e r  s t a b i l i z e r  a n d  r e a c t e d  Cu-Sn a l l o y  
i n s i d e  t h e  f i l a m e n t .  I n  t h e  Nb tube  method,  the t i ta-  
nium d i f f u s i o n  mechanism is t h o u g h t  t o  b e  t h e  same a s  
tha t   fo r   &he   conduc to r  by the  bronze  meth0d.l  Criti- 
c a l  c u r r e n t  d e n s i t y  (NbjSn l a y e r )  at  h i g h  f i e l d s  i n -  
c r eases  as t i t a n i u m  c o n t e n t  i n  t h e  Nb3Sn l a y e r  i n -  
c reases ,  for  the  range  of  0 .5  - 1.5 w t . %  T i  i n  Nb3Sn, 
i n  t h e  c a s e  o f  t i t a n i u m  a d d i t i o n  t o  t h e  n i o b i u m  c 0 r e . l  
A s  1.1 w t . %  T i  i n  NbgSn for t h e  Nb tube  method is  
l a r g e r  t h a n  0 .5  % for the  ord inary  bronze  processed  
wire, high performance is  e x p e c t e d  a t  h i g h e r  f i e l d s  f o r  
t h e  Nb tube processed conductor.  
Cr i t i ca l  Cur ren t  Dens i ty  
25 w t . %  Sn conduc to r :   In   o rde r   t o   e s t ima te   t he  
optimum hea t - t rea tment  condi t ion  for  A 1  conductor,  
c h a r a c t e r i s t i c s  o f  c r i t i c a l  c u r r e n t  d e n s i t y  w i t h o u t  
coppe r  ( Jc )  v s .  hea t  t r ea t ing  t i m e  a t  s e v e r a l  h e a t -  
treatment temperatures were obtained, as shown i n  F i g .  
5. It can   be   s een   t ha t   t he  optimum heat-treatment 
time decreases  with increasing heat- t reatment  tempera-  
t u r e .  Jc peaks a t  low f i e l d s  were not  observed  remark- 
a b l y  a s  compared wi th  the  ones  a t  h i g h  f i e l d s .  It was 
cons idered  tha t  Jc is  more s e n s i t i v e  f o r  h e a t - t r e a t m e n t  
condi t ion at  h i g h  f i e l d s  t h a n  a t  low f i e l d s .  
The magnet ic  f ie ld  dependence of  Jc i n  A 1  conduc- 
t o r  h e a t - t r e a t e d  f o r  1 2 0 h  at  7OO0C is  shown in  F ig .  6 ,  
compared wi th  pure  Nb3Sfi conductor by t h e  same process .  
Cr i t i ca l  cu r ren t  dens i ty  wi thou t  coppe r  o f  t he  conduc- 
t o r  w i t h  25 w t . %  Sn was s u p e r i o r  t o  p u r e  Nb3Sn at  h igh  
f i e l d s  a n d  a l s o  t o  t h e  h i g h e s t  Jc o b t a i n e d  i n  t h e  con- 
duc tors  us ing  the  o ther  convent iona l  method. l ,2  Jcva lues  
for  conductors  E l  and E2 t r e a t e d  f o r  240 h a t  725"C, 
which were a l s o  p l o t t e d  i n  F i g .  6 ,  became s l i g h t l y  
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 04,2010 at 02:17:52 EST from IEEE Xplore.  Restrictions apply. 
318 
Zero level 
for TI 8% 
Zero level 
for Cu 8 Nb 
Fig. 4 Composi t ion  prof i le  on the   c ros s - sec t ion   o f  
A 1  conductor 
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Fig. 5 Cr i t i ca l   cu r ren t   dens i ty   v s .   hea t   t r ea tmen t  
t i m e  at  severa l  hea t  t rea tment  tempera tures  
X A 1  700"C-IZOh -.- Pure Nb& 
c 0 + I  lpV/crn Criterion 
MAGNETIC FIELD ( T I  
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Fig.  6 Field  dependence  of Jc in   va r ious   conduc to r s  
h i g h e r  t h a n  t h a t  f o r  A 1  a t  h i g h  f i e l d  r e g i o n :  450 A/ 
mm2 f o r  E1&2 and 390 A/mm2 f o r  A 1  a t  1 5  T i n  c o n t r a s t  
w i th  1050 - 1100 A/mm2 a t  10 T f o r  A 1  and for  E l  and E2. 
Upper c r i t i c a l  f i e l d s  (Hc2), extrapolated from Kramer's 
p l o t ,  w e r e  o b t a i n e d  t o  i n v e s t i g a t e  t h i s  d i f f e r e n c e  f u r -  
t h e r  i n  d e t a i l :  2 6 . 5  T f o r  E l  and f o r  E2 and  24.5 T 
f o r  A 1  conductor.   Since E l  and E2 conductors were sub- 
j ec t ed  to  longe r  t e rm hea t - t r ea tmen t ,  it is  considered 
t h a t  Hc2 inc reases  and subsequent ly  high Jc a t  high 
f i e l d s  is obtained as compared wi th  A l .  
30 % Sn conductor :   High   t in   conten t  (30 wt.%) 
conductors,  F1-3, have performed excel lent  f ie ld  de-  
pendence  of c r i t i c a l  c u r r e n t  d e n s i t y :  1550 A/mm2 at  
10 T ,  600 A / m 2  a t  1 5  T and 350 A / m 2  a t  17 T ,  as a l s o  
shown in   F ig .   6 .  Those v a l u e s   a r e   l a r g e r   t h a n   t h o s e  
f o r  t h e  ECN-Holec wire(5)  at  h igh  f i e lds  above  15  T and 
are  about  50 % up from those for  conductors  E l  and E2 
wi th  25 % Sn con ten t .  Hc2 ob ta ined  fo r  30 % t i n  con- 
ductor from the Kramer's  plot  was 26.5 T ,  which was t h e  
'same as t h a t  f o r  25 % t i n  c o n d u c t o r .  From experimental  
r e s u l t s  o b t a i n e d  f o r  Nb3Sn l a y e r  t h i c k n e s s  f o r  30 % t i n  
conductor ,  which has  the same t h i c k n e s s  a s  t h a t  f o r  25 
% t i n  c o n d u c t o r ,  i t  i s  cons idered  tha t  h igh  Jc i n  30 % 
conductor would be caused by JC inc rease  i.n  Nb3Sn 
l a y e r .  
J, below  4.2 K: For A 1  conduc to r  hea t - t r ea t ed  fo r  
72 h a t  725"C, f i e l d  dependence of 3, was s tudied below 
4.2 K ,  a s  shown i n  F i g .  7 .  Normalized c r i t i c a l  c u r r e n t ,  
Ic(2.13 K)/Ic(4.2 K), which increased wi.th increasing 
t h e  m a g n e t i c  f i e l d ,  is  1 . 3  a t  10 T and 1.5 a t  1 5  T.  
The Hc2 increase from 4.2 K t o  2.13 K ,  w a s  2.5 T ,  which 
was obtained from those data  using Kramer 's  plot .  
I n  o r d e r  t o  c h e c k  t h e  f e a s i b i l i t y  of f a b r i c a t i n g  a 
long wire, which is  n e c e s s a r y  f o r  p r a c t i c a l  a p p l i c a t i o n ,  
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Fig. 7 Field  dependence  of Jc below  4.2 K i n  A 1  
conduc to r  hea t - t r ea t ed  fo r  72 h at  725OC 
t h e  a u t h o r s  f a b r i c a t e d  a h i g h  f i e l d  ( 1 3 - 1 4  T e s l a )  
s o l e n o i d  w i t h  t h e  A 3  conductor  g iven  in  Table  I. The 
Solenoid is. 40 mm in  inner  d j -ameter ,  140  mm i n  o u t e r  
diameter and 140 mm i n  l e n g t h .  The conductor  ,cross 
s e c t i o n  was 1.25 x 2 . 5  m 2 ;  i n d i v i d u a l  f i l a m e n t  s i z e  was 
86 pm. The  magnet u t i l i z e d  a r e a c t  a f t e r  wind  process; 
t he re fo re ,  t he  conduc to r  was in su la t ed  wi th  qua r t z -  
f i b e r  b r a i d s ,  w h i l e  t h e  c o i l  f o r m  w a s  i n s u l a t e d  w i t h  
hea t   r e s i s t an t   ce ramic - f ibe r   pape r s .  After a h e a t  
treatment of 725OCx181 h,  the magnet was vacuum im- 
pregnated  with  epoxy  resin.  The so leno id  was i n s e r t -  
e d  i n t o  a bore of  a NbTi backup magnet; 159 mm i n  i n n e r  
diameter ,  276 mm in  ou te r  d i ame te r  and  295 mm i n  l e n g t h .  
P a r a m e t e r s  f o r  b o t h  m a g n e t s  a r e  l i s t e d  i n  T a b l e  11. 
The magnet system was des igned  to  genera te  14 .3  T a t  
maximum, as shown i n  F i g .  8. Actual ly ,  it reached  13.6 
T i n  a recent  experiment  in  our  laboratory,  which i s  
ind ica t ed  by t h e  c l o s e d  c i r c l e  i n  t h e  f i g u r e .  
Conclusions 
The modified Nb tube method,  t i tanium addi t ion to  
the  n iob ium tube ,  o f f e r s  MF NbjSn conductors  with good 
workab i l i t y  and h i g h   c r i t i c a l   c u r r e n t   d e n s i t y .   S e v e r a l  
types of  conductors  have been fabricated,  such as 0.67-  
1.98 Cu r a t i o s  and t i n  c o n t e n t s  of 25 w t . %  and of 30 
w t . % .  The present   conductors  were h e a t - t r e a t e d   f o r  
1- 312 h a t  675 - 775°C t o   s t u d y   g r a i n  morphology and 
Table 11. Coil parameters 
Items Nb3 Sn coil  NbTi  coil
Conductors 
Conductor cross 1.25 x 2.5 1.2 X 2.4 
section (mm2) 
Copper ratlo 1.2 1.0 
Insulation Quartz fiber braids Forrnvar 
Coil 
Inner diameter (mm) 40 159 
Outer diameter (mrn) 140 2 7 6  
Coil length (mm) 140 29 5 
MAGNETIC FIELD (TI 
Fig.  8 C o i l   c h a r a c t e r i s t i c s  
superconduct ivi ty .   Subsequent ly ,  NbjSn l aye r   t h i ckness ,  
g r a i n  s i z e ,  c o m p o s i t i o n  p r o f i l e  a n d  c r i t i c a l  c u r r e n t  
dens i ty  at  t h e  f i e l d  r a n g e  o f  8 - 2 0  T and a t   t h e  tem- 
perature  range of  1 .88-4.2 K were measured for  the 
present  conductors.  NbjSn l a y e r  g r o w t h  r a t e  w a s  t h r e e  
o r  fou r  t imes  as l a r g e  as t h e  p u r e  Nb3Sn. T i t an ium in  
the  compos i t e  d i f fused  on ly  in to  Nb3Sn l a y e r  (1.1 w t . %  
Sn i n  Nb3Sn a f t e r  r e a c t i o n )  a n d  was n o t  t r a c e d  i n  t h e  
c o p p e r  s t a b i l i z e r  a n d  r e a c t e d  Cu-Sn ins ide  the  f i l amen t .  
J, became more sens i t i ve  fo r  hea t - t r ea tmen t  cond i -  
t i o n  w i t h  i n c r e a s i n g  t h e  m a g n e t i c  f i e l d .  Jc f o r  25 % 
t i n  c o n d u c t o r  was s u p e r i o r  t o  p u r e  Nb3Sn at  h i g h  f i e l d s  
and a l s o  t h e  h i g h e s t  Jc  obta ined  in  the  conductors  us -  
ing  the  other   convent ional   processes .   Conductors   with 
h i g h  t i n  c o n t e n t  ( 3 0  %) have shown a n  e x c e l l e n t  f i e l d  
c h a r a c t e r i s t i c  of  Jc va lues ,  such  as 1550 A/mm2 a t  10 T, 
600 A/m2 a t  15  T and 350 A/mm2 a t  17 T ,  which are 
l a r g e r  t h a n  t h o s e  f o r  ECN-Holec wires a t  h i g h  f i e l d s  
above 15 T and about 50 % up f rom those  for  conductors  
w i th  25 % t i n  c o n t e n t .  Jc below  4.2 K was a l s o  meas- 
u r e d .   F i n a l l y ,   t h e   c o i l   f a b r i c a t i o n ,   a i m i n g   a t   1 4  T, 
was 'ach ieved  us ing  the  conductor  wi th  25 % t i n  c o n t e n t  
to  assure  h igh .per formance  of  prac t ica l  conductors .  
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